Background: Hutchinson-Gilford progeria syndrome is a rare dominant human disease of genetic origin. The average life expectancy is about 20 years, patients' life quality is still very poor and no efficient therapy has yet been developed. It is caused by mutation of the LMNA gene, which results in accumulation in the nuclear membrane of a particular splicing form of Lamin-A called progerin. The mechanism by which progerin perturbs cellular homeostasis and leads to the symptoms is still under debate. Micro-RNAs are able to negatively regulate transcription by coupling with the 3' UnTranslated Region of messenger RNAs. Several Micro-RNAs recognize the same 3' UnTranslated Region and each Micro-RNA can recognize multiple 3' UnTranslated Regions of different messenger RNAs. When different messenger RNAs are co-regulated via a similar panel of micro-RNAs, these messengers are called Competing Endogenous RNAs, or ceRNAs. The 3' UnTranslated Region of the longest LMNA transcript was analysed looking for its ceRNAs. The aim of this study was to search for candidate genes and gene ontology functions possibly influenced by LMNA mutations that may exert a role in progeria development. Results: 11 miRNAs were isolated as potential LMNA regulators. By computational analysis, the miRNAs pointed to 17 putative LMNA ceRNAs. Gene ontology analysis of isolated ceRNAs showed an enrichment in RNA interference and control of cell cycle functions. Conclusion: This study isolated novel genes and functions potentially involved in LMNA network of regulation that could be involved in laminopathies such as the Hutchinson-Gilford progeria syndrome.
Background
Lamins are intermediate filament proteins associated with the inner nuclear membrane and are structural components of the nuclear lamina. Interestingly, they can also be found in the nucleoplasm, where they might have regulatory functions that are still poorly investigated [1] [2] [3] . Lamins are structural components of the nuclear membrane, but they are also essential for many nuclear functions [1, 3] . Lamins can bind to specific DNA sequences, chromatin modifications, and chromatin associated proteins or complexes either directly or through lamin-interacting proteins [1] [2] [3] [4] . It has been reported that lamin functions are involved in transcriptional regulation, DNA replication and repair, epigenetic modifications, chromatin remodelling, and transition between euchromatin and heterochromatin conformation [1, 3, 4] . Lamins are present in almost all pluricellular organisms, with the exception of plants, and are usually absent in unicellular organisms [5, 6] . Generally, lamins are divided into types A and B. In humans, A-type lamins are divided into A and C lamins, both derived by alternative splicing from the LMNA gene [5, 6] . Interestingly, in humans, stem cells and undifferentiated cells seem to lack Lamin-A and Lamin-C. In this perspective, LMNA expressed lamins behave as markers of differentiation [7] .
The Hutchinson-Gilford progeria Syndrome (HGPS) is a very rare human disease of genetic origin that leads to very severe premature ageing. HGPS is caused by several mutations in the LMNA gene, the most common of which is the point mutation C1824T, which leads to the accumulation in the nuclear membrane of a rare splicing form of the Lamin-A called "progerin", and alterations in nuclear shape and structure like the typical nuclear bubbling, the cytological hallmark of HGPS [8] . The accumulation of progerin is due to the impossibility of physiological cleavage of the mature wild type Lamin-A protein. Usually, Lamin-A is farnesylated and incorporated into the nuclear membrane, and later is cleaved and released from the nuclear lamina. The classical mutation in HGPS enhances the activity of a cryptic splicing site that increases the production of progerin and lessens the production of Lamin-A [8, 9] , acting as a dominant mutation. Progerin lacks the cleavage site, so the protein is farnesylated and loaded into the membrane but cannot be removed efficiently any more, so it accumulates [8, 10] . It is to be noted that progerin physiologically accumulates in the cells of ageing individuals, with a positive correlation with chronological age [9] [10] [11] . HGPS affected individuals have a life expectancy of about twenty years and a very poor quality of life [12] . No efficient healing therapy has yet been developed and the main focus of current pharmacological strategies is on farnesylation inhibitors that lessen the progerin load in the nuclear membrane [10] . Though an amelioration of the symptoms has been reported, farnesylation inhibitors have not led to a definitive solution [10] . The mechanism by which progerin accumulation perturbs cellular homeostasis and leads to the symptoms is still under debate [10] . The aim of this study was to look for candidate genes and gene ontology functions influenced by LMNA mutations that in turn may have a role in progeria development.
The ceRNA (competing endogenous RNAs) hypothesis is based on the rationale that RNA molecules can regulate one another via microRNAs (miRNAs or miRs) and that messengers RNAs (mRNAs) can be positively co-regulated if they share miRNA target sequences amongst their 3'UnTranslated regions (3'UTR), because there is a limited amount of miRNAs within each cell, and each mRNA can act as a quencher for shared miRNAs [13] . Following this rationale, genes whose mRNAs share miRNAs targets in their 3'UTRs might be posttranscriptionally co-regulated. For a more exhaustive description of ceRNA rationale see [2, 13] . The study reported on here follows another study [2] on LMNA interactome. This study focuses on an analysis of the Lamin-A ceRNAs network of interactions.
Methods
Using the miRWalk [14] database for predicted gene targets, miRNAs of a minimum of 7 matching nucleotides on the longest human LMNA transcript 3'UTR with a maximum p value of 0.05 were isolated. The settings chosen were the standard settings for the software used [14] . The 3'UTR analysed is the same in Lamin-A and progerin transcripts; the 3' UTR of Lamin-C is shorter and different, and not included in this study. The work was performed on predicted gene targets because there are no validated targets reported for LMNA transcripts in the miRWalk database. The miRNAs considered as putatively recognizing the 3'UTR of the LMNA mRNA were 11 and reported in Table 1 . Table 1 also shows a mimiRNA analysis [15] of the compared expression profiles of LMNA and each miRNA in human tissues and cell lines collected in the database. The set of miRNAs in Table 1 was inserted into the miRWalk [14] MicroRNA validated targets analysing tool to discover any human gene mRNA 3'UTR that has been reported to have been recognized by any of them. The genes isolated and the related bait miRNAs are shown in Table 2 . The genes collected were organized in a hierarchical order for the number of validated microRNA hits ( Table 3 ). The more microRNAs are shared between the 3'UTR of the longest LMNA transcript and the 3'UTRs of the candidate genes, Table 3 DICER1  5  LIN28  2  CD46  1  G6PD  1  MAP2K3  1  POU2F2  1  SPI1  1   CDKN1A  4  MAPK8  2  CD47  1  GABPA  1  MAP3K12  1  POU4F2  1  SRGAP2  1   NFKB1  4  MECP2  2  CDC14A  1  GHRHR  1  MAP3K9  1  PPARG  1  ST3GAL4  1   TP53  4 
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the higher the possibility that the gene transcripts can act as LMNA ceRNAs. The maximum number of hits is 5.
Genes that share in their transcripts 3 to 5 validated microRNAs with the predicted microRNAs with the 3'UTR of the longest LMNA transcript were arbitrarily considered as potential ceRNAs for further analyses. 17 genes have these characteristics out of a total of 335. These 17 genes were analysed using the GeneMANIA [16] tool that helps to predict the functions of a set of genes and to predict in which Gene Ontology (GO) functions the set of genes might be involved. The results are reported in Table 4 . Table 4 also shows the GO functions from the ones with the lowest False Discovery Rate (FDR) till a FDR < 0.1. All analyses were updated to September 13 th 2012.
Results and discussion
A ceRNA analysis might reveal genes that are co-regulated post-transcriptionally and that can be functionally correlated [13] . The 3'UTR of the longest transcript of the LMNA human gene was selected for the analysis because the vast majority of miRNAs recognize and regulate the efficiency of transcription by binding to this portion of messenger RNAs [13] . Moreover, the 3'UTR of the longest transcript is shared between Lamin-A and progerin splicing form, and it is different form the shorter 3'UTR of the Lamin-C transcript, not used in this study. The miRWalk database and tools [14] were used to perform the analysis. The database reported no validated miRNAs that bind to the 3'UTR of the main transcript of the LMNA gene. By contrast, in this study, predicted miRNAs able to bind to the 3'UTR of the main transcript of the LMNA gene were used. The predicted miRNAs are shown in Table 1 .
Although the database does not report any validated miRNAs, it is to be noted that miR-9, one of the predicted miRNAs isolated, has recently been validated [17] .
Amongst the isolated miRNAs worth noting is miR-214, clearly involved in cancer and stemness [18, 19] ; miR-9, involved in neurogenesis [20] and, very interestingly, protective in neural cells of HGPS patients against the effects of progeria [21] ; miR-298, involved in the regulation of beta-amyloid precursor protein converting enzyme messenger RNA translation, and thus in Alzheimer's disease [22] ; the tumour suppressor miR-34a [23] ; and miR-449a involved in differentiation [24] and pRB mediated cell cycle arrest [25] .
The correlation of the expression levels of LMNA and each miRNA was analysed using the mimiRNA software [15] , which allows one to compare the expression profiles reported in different human tissues and cell lines. The data are reported in Table 1 . One should expect a negative correlation between a miRNA and its regulated genes. Only 9 of the 11 miRNAs isolated could be analysed using the mimiRNA software; and amongst them 6 out of 9 showed a negative correlation, as expected, with the exception of miR-214, miR-24a and miR-532-3p.
The miRNAs in Table 1 were used as baits to find any human gene whose 3' UTRs are recognized by them as literature validated targets, again using the miRWalk database and tools [14] . 670 couples of bait miRNA-gene were recovered. They are reported in Table 2 .
Following the ceRNA hypothesis, the more miRNA were shared between the transcripts 3'UTRs, the stronger their interaction could be. The data reported in Table were organized on the basis of the quantity of miRNA reported in Table 1 able to hit the transcripts from each gene. Multiple hits from the same miRNA on the same gene were weighted as unique. Genes were then organized from the most hit to the less hit.
The results shown in Table 3 show only one gene transcript hit 5 times (DICER1); 4 gene transcripts hit 4 times (CDKN1A, NFKB1, TP53, VEGFA); 12 gene transcripts hit 3 times (APC, BCL2, CD44, CDC25A, CDK6, EIF2C1, EIF2C2, HDAC9, IL1B, KRAS, MYC, RNASEN); 51 gene transcripts hit 2 times; and 267 gene transcripts hit only once.
Arbitrarily, further analyses were performed focusing on genes whose transcripts were hit from 3 to 5 times, because they more likely constitute ceRNAs for the LMNA transcripts. This choice was made because the higher the number of shared miRNAs, the higher the possibility that the discovered genes could act as ceRNAs.
Using genes that are hit by few miRNAs could raise the risk of picking up false positives. Unfortunately, no standardization can be used on the basis of previously published data. The cut-off point was chosen taking into account ceRNAs recognized by more than 50% of miR-NAs of the most hit genes: specifically genes hit by more than 2.5 miRNAs, that is 3 to 5 miRNAs, as stated. Of course this arbitrary decision could have affected the subsequent analyses, increasing the risk of false negatives, but a highly stringent strategy was preferred, taking the 
number of total putative ceRNAs from 422 to 17. In the literature the analysis of these 17 genes strikingly highlights a possible relationship between LMNA gene functions and RNA interference machinery: DICER1, EIF2C1, EIF2C2 and RNASEN code respectively for Dicer, Argonaute1, Argonaute2 and Drosha, the key effectors of the RNA interference machinery [26] . Interestingly, there are no data reporting a relationship between Lamin-A and RNA interference machinery. Another network involved in LMNA functions is p53 and the control of cell cycle: TP53 coding for p53 itself, while CDKN1A, CDC25A and CDK6 code respectively for p21, the phosphatase CDC25A and the cyclin-dependent protein kinase 6, differently expressed during the cell cycle and involved in bypassing the G1/S checkpoint. p53 directly regulates p21 [27] and CDC25A [28] which indirectly regulates the cyclin-dependent protein kinase 6 [29] . Notably, the expression of TP53, APC, BCL2, KRAS and MYC is very often altered in several types of human cancer [30] [31] [32] [33] [34] . Interestingly, clear involvement of LMNA mutations in the control of cell cycle and in cancer has been reported Cell migration involved in sprouting angiogenesis 9.92E-2 [35] . NFKB1, IL1B and VEGFA products are involved in inflammation and cancer-related inflammation and angiogenesis [36] [37] [38] . It is worth noting that coronary artery atherosclerosis typically leads to the death of HGPS patients [39] and that LMNA mutations have been linked to inflammatory myopathy [40] . Notably, it has been suggested that the splicing factor SRSF1 may have a role in driving alternative splicing forms of both LMNA and VEGFA during the senescence of endothelial cells [41] . HDAC9 codes for a histone deacetylase, a class of the epigenetic covalent modifiers, involved in the risk of ischemic stroke [42] . It has been reported that Lamin-A/C deficiency causes chromosome condensation that can be reversed by histone acetylase inhibitors [43] .
CD44 codes for a surface marker of hematopoietic stem and progenitor cells and is also involved in cancer [44] .
With the aim of analysing the 17 putative ceRNAs isolated, the GeneMANIA [16] tool was used. It helps to predict the functions of a set of genes and to predict in which Gene Ontology (GO) functions they might be involved. The results are reported in Table 4 from the most statistically significant to the less, up to a False Discovery Rate (FDR) < 0.1. Interestingly, posttranscriptional gene silencing by RNA, ageing, cellular senescence, G1/S transition of mitotic cell cycle and angiogenesis are all statistically significant, amongst many other GO functions.
It is to be noted that in a previous study [2] the authors used the predicted miRNAs that hit the 3'UTR of the longest transcript of the LMNA gene to find any human gene whose 3' UTRs are recognized by them as predicted targets, not literature validated ones as in the present study, again using the miRWalk database and tools [14] . Moreover, in that study the GeneMANIA [16] tool was also used together with the Osprey visualization tool [45] of the BioGRID database [46] . The result of that study highlighted a central role of RB1 and HTA-TIP genes, possible involvement in prostate cancer, and a possible role of LMNA in epigenetic modification, especially acetylation events, and ATP dependent chromatin remodelling via the chromatin remodelling complexes PBAF and SWI/SNF. Taken together, these studies suggest a possible role of LMNA gene products in the control of cell cycle and tumorigenesis, chromatin remodelling, epigenetic modifications, especially acetylation via HTATIP/HDAC9, and a close link with the RNA interference machinery.
Conclusion
In HGPS there is accumulation in the nuclear membrane of the Lamin-A rare splicing form called progerin. How the accumulation of progerin leads to progeria is still under debate. The aim of this article was to investigate the network of interactions of LMNA gene to find candidate genes and gene ontology functions involved in Lamin-A functions and in turn possibly perturbed in progeria. To search for possible partners of the LMNA gene involved in HGPS and normal ageing, bioinformatics analyses of the network of interactions of the Lamin-A/progerin were performed looking for LMNA ceRNAs using Lamin-A/ progerin 3'UTR as a bait. The analysis might be quite useful because it allows one to isolate possible interactors for the gene being examined and to discover novel functions in which it might be involved.
LMNA is mutated in several human diseases of genetic origin with very variable phenotypes, suggesting a multiple role of LMNA gene products in cell homeostasis and functions [47, 48] . There have been reported laminopathies due to LMNA mutations such as Emery-Dreifuss muscular dystrophy, familial partial lipodystrophy, limb girdle muscular dystrophy, dilated cardiomyopathy, Charcot-Marie-Tooth disease, and Hutchinson-Gilford progeria syndrome, which is the main focus of this study. This study might help to understand why different mutations of a single gene can induce many different phenotypes in affected patients. The wide range of functions possibly involved in the LMNA network of interactions can give a plausible explanation of the many phenotypes due to LMNA mutations in humans.
The possible involvement of LMNA in the network of regulation of key cellular functions such as control of the cell cycle, epigenetics and chromatin remodelling, and RNA interference highlights a central role of Lamins in the nuclear functions. Further studies are required to better understand the relationship between LMNA products and the cellular components isolated, but a better understanding of the LMNA network might improve the quality of life of many patients affected by laminopathies. It might also enhance our comprehension of how the structural components and the functional components of the eukaryote nuclei interact. 
